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Abstract:

Helical tomotherapy systems have the unique attribute of using sinograms as a
machine input and a machine output. These sinograms have well understood
properties that may allow for operational changes that simplify and/or improve
radiation treatment.

In the first part of this work, the detector array output sinogram of an MVCT
imaging study is used to produce images of an object at different locations along
a pattern of motion and the multi-leaf collimator (MLC) control sinogram is used
to translate dose distributions in space. A temporal re-binning algorithm was
written that divided the MVCT sinogram projections into positional bins that were
subsequently used to produce new sinograms for each bin. A CT resolution
phantom was placed upon a motion phantom with a periodic range of motion,
and a multiple gantry rotation MVCT scan was performed upon the phantom
when stationary and in-motion. The detector sinogram was separated into
several bins, before a sinogram was compiled from each bin. Images were
produced from the sinograms using a filtered-back projection image
reconstruction program. The resultant re-binned images of the in-motion
phantom were compared to the reconstructed images of the in-motion and
stationary phantom. Improvements were seen in the resolution of the CT
phantom in the re-binned images as compared to the in-motion phantom without
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re-binning. In some cases, the CT phantom resolution in the images was seen to
closely approach the resolution in the image of the stationary phantom.
In the second part of this work, a multileaf collimator control sinogram of a
controlled treatment plan was modified so as to translate the treatment in the
lateral and vertical directions. A combination of ion chamber measurements and
radiograph analysis was used to verify the position, dose and shape of the
translated treatment. The translated treatments resulted in closely matching the
original treatment with approximately 3-mm accuracy.
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Preface:

This work is divided into two sections with a joint introduction. The introduction
serves to give a brief insight into radiation therapy and the use of a tomotherapy
system. The first of the two sections entitled “Four-Dimensional Megavoltage
Computed Tomography Using Temporal Re-Binning” is included as section II,
and has its figures in appendix I and tables in appendix III. The second of the two
sections entitled “Spatial Translation of Helical Tomotherapy Dose Distributions
Using Sinogram Deformation,” is included in section III with figures in appendix II
and tables in appendix IV. The work was divided as such because it is a
combination of two manuscripts that have both been separately submitted for
publication, and to improve the clarity of the manuscript.
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I: Introduction

1

1) Radiation Therapy

Radiation therapy (or radiotherapy) is used to eliminate target cell populations
that have been delineated as a target by a physician. To achieve this, target
tissue is first identified in imaging studies and then exposed to fields of ionizing
radiation. The ionizing radiation subsequently damages the target tissue, leading
to cell death.

Several methods of delivering radiation to a target site have been developed.
Brachytherapy involves placing small radioisotopes within or near the target
region and using the natural radioactive decay of the radioisotopes to produce
the ionizing radiation. Another common method of delivering radiation to target
sites located within a patient is by using external beam radiotherapy (EBR). EBR
uses an ionizing radiation field to penetrate a target and deliver a prescribed
dose to the target area. This method is non-invasive and has a preferential effect
on cancerous cells when radiation is delivered in multiple fractions. The beam is
shaped and delivered from multiple angles so as to provide the prescribed dose
to the target area and also to minimize the dose to normal tissue. At present,
EBR is most commonly performed with linear accelerator produced photons,
although EBR is also possible using electrons, protons and higher element nuclei
[1].
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An inherent danger in radiotherapy is the potential to damage healthy tissue.
Radiation scatters within the body, and target tissue sites may be deeply located
within the body, which may result in toxicity for the patient [1].

2) Biological Effects of Ionizing Radiation

Ionizing radiation primarily damages tissues through the ionization of water. Free
radicals, predominantly produced by Compton scattering, can break the chemical
bonds of the deoxyribonucleic acid (DNA) within a cell nucleus. DNA breakage
may lead to cell death, which may result in tissue death if occurring on a large
scale. DNA may also be directly ionized, with a similar result.

A cell’s susceptibility to ionizing radiation is dependent upon the cell cycle phase
that the cell is undergoing during the ionization process. When the DNA strands
are condensed, they undergo fewer repairs and provide a longer path length for
photons to pass through. This increases the odds of both indirect (through the
local dissociation of free radicals) and direct ionization of the atoms in the DNA
strand. DNA only condenses into chromotids during mitosis and meiosis, making
cells that reproduce rapidly (such as many types of cancer cells) especially
susceptible to radiation [2].
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3) Clinical Linear Accelerators

Presently, clinical linear accelerators have a standard design that consists of a
power supply and pulse modulator, microwave power source, electron gun,
electron accelerator, magnetic focusing and steering, and a treatment head. The
electron gun is pulsed in coordination with the microwave power source, driving
the electrons into the electron accelerator, where magnetic focusing reduces
beam divergence and directs the electron beam into the treatment head where
the beam is directed onto an x-ray target. Upon striking the x-ray target, the
electrons produce x-rays through bremstrahlung, and the resultant radiation
beam is then shaped with filters and monitored before exiting the treatment head
and entering the patient.

Traditional EBR linear accelerators position the treatment head on a gantry arm
that rotates about a patient as a treatment is delivered, however the position of
the electron accelerator as well as the other components vary by design.
Different designs have placed the accelerating wave guide so that the central
axis is in line with the treatment beam, perpendicular to the treatment beam in
the rotating gantry, and in the gantry stand itself. Modern Varian (Varian Medical
Systems, Palo Alto, CA) designs feature the accelerator within the gantry arm
and perpendicular to the treatment beam.
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The electron gun operates by generating an electric field through which a cloud
of electrons are accelerated and passed through a charged window. To generate
the electrons, an alternating 3 GHz voltage is applied to a filament (cathode) and
the metal window (anode), causing an electron cloud to form around the filament
and then to be accelerated through the window by an electric field produced by
the alternating voltage.

The modulator provides negative high voltage pulses to the electron gun and the
microwave generator. The voltage is monitored by a high value resistance chain,
to assure a consistent output from both the electron gun and the microwave
generator. The signal from the high value resistance chain provides feedback so
that the modulator can be adjusted.

Magnetrons are used in medical linear accelerators with powers below 12 MV.
To produce microwave energy, a cylindrical cathode is oxide coated and heated
by a tungsten spiral element. Surrounding the cathode is a copper block that
serves as the anode. The copper block contains microwave cavities cylindrically
arranged around the cathode. In addition, a uniform magnetic field is applied
normal to the cylindrical axis. The anode cavities become coupled and resonant,
and oscillate with alternating potential differences across the mouth of the cavity.
As an electron moves across the mouth of a cavity, the system begins to oscillate
and electrons moving across the mouth of the cavities are either accelerated or
decelerated. Electrons circulating near the cathode increase the energy of the
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oscillating cavities, which is then siphoned off by wires placed on opposite sides
of one of the cavities, and connected to the magnetic mode of the transmission
wave guide. To increase the mean free path length of the electrons, the
magnetron is evacuated to low pressures.

The microwave frequency produced by the magnetron is susceptible to several
factors including thermal expansion and gantry rotation. To account for this, an
automatic frequency control system measures the output of the magnetron and
adjusts the magnetron tuner drive accordingly. A probe in the transmission wave
guide is connected to two cavities machined out of copper and tuned to two
different frequencies, one just below and one just above the desired frequency.
By comparing the frequencies from each cavity, the frequency of the magnetron
is determined to be too high or too low, and magnetron tuning drive is adjusted
accordingly.

Transmission of microwave energy through electrical wiring is inefficient, so wave
guides are used instead. Wave guides are hollow pipes that reflect microwaves
off of the walls, transmitting them forward in the structure. The insides of wave
guides are pressurized with sulphur hexafluoride to prevent electrical break
down. A ceramic window is used to separate the pressurized environment of the
wave guide and the vacuum environment of the magnetron. To prevent
microwave energy from reflecting back to the magnetron, a four port circulator is
added that features a shunt to adjust the mechanical power and a magnetized
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ferrite strip to induce a 180-degree phase change in the microwave energy, thus
preventing the microwave energy from accumulating. The microwave energy is
transmitted from the wave guide to the accelerating structure.

The accelerating structure of a medical linear accelerator consists of microwave
cavities made out of copper. The structure is vacuum sealed and tuned by
mechanical compression. Each cavity contains an opening to the adjacent cavity
through which electrons are accelerated. There are two different ways of
accelerating electrons in medical linear accelerators, through traveling-waves
and standing-waves. For a traveling wave accelerator, the electric field moves
forward in the accelerating structure, driving electrons located at the positive
portion of the wave forward. Where the wave is negative, the electrons will be
driven backward in the reverse direction by the electric field. The wave guide
provides microwave power at the beginning of the accelerating structure, near
the electron gun, and the power is absorbed at the end. In a standing-wave
accelerator, the electric field in the accelerator structure is oscillated, varying in
magnitude with time; the wave itself remains stationary. As the electric field
oscillates, electrons are accelerated forward. The advancing incident and
reflected waves that combine to produce the standing wave move back and forth
approximately one hundred times during a 5-microsecond pulse. Standing waves
have stationary nodes, and these nodes are located within every other cavity of
the accelerating structure. At each stationary node the advancing and reflected
wave have equal magnitudes and opposite phases, canceling out and resulting in
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a net electric field of zero. These nodal cavities represent areas where no
acceleration of electrons occurs, and so space can be saved by moving them off
axis. Because the resonance of a cavity is not based on length, but diameter,
nodal cavities can be shortened.

Following acceleration in the accelerating structure, the electron beam is steered
and focused by an orthogonal dipole magnet. The dipole magnet generates a
magnetic field by using two beam coils, and corrects for deflection in the electron
beam. An evacuated bending magnet system is used to deflect the electron
beam onto a target which then produces the x-rays used in treatment.

Before exiting the treatment head of the linear accelerator, the x-ray beam is
sampled for diagnostic measurements, and passed through a primary and
secondary set of jaws, and finally a multi-leaf collimator. The collimator features
tungsten leaves that are placed within the radiation field to shape the treatment
field according to the patient’s prescription. The multi-leaf collimator (MLC) is a
relatively recent addition to linear accelerators, and provides the ability (with a
proper treatment planning system) to modulate the intensity of the radiation field
[1].
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4) Computed Tomography

As x-rays pass through a material, they are naturally attenuated through
absorption and deflection. A series of processes such as pair production,
Compton scattering, Rayleigh scattering and absorption affect a photon as it
passes through and beyond a material. The density of the material has a wellunderstood effect upon how x-rays are scattered and attenuated through a
material, allowing the density to be determined by the photons detected versus
the photons produced. By differentiating between photons passing through
different material densities, an image of the material can be generated. When
Conrad Roentgen first used x-rays to obtain a radiograph of a hand, the image
was two-dimensional and permitted the observance of bony material. As x-ray
detection and production methods have improved, the resolution of radiographs
has subsequently improved as well.

Computed Tomography was developed as a technique to obtain threedimensional radiographs. By rotating an x-ray source and an opposed detector
around a target at different axial locations, a two-dimensional “slice” can be
obtained of the target. By taking a series of slices, a three-dimensional model
can be constructed.
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5) Helical Tomotherapy

The Tomotherapy system design concept is that of a clinical linear accelerator
that delivers intensity-modulated radiation treatment helically via a fan-beam as
opposed to a cone beam. Traditionally, an external beam treatment linear
accelerator gantry is positioned to produce radiation from several distinct
locations, delivering treatments from a finite number of directional fields. After a
treatment is provided from one directional field, the gantry is rotated to another
position from which another field is delivered. The number of treatment fields and
their respective intensity is determined by several factors including diagnosis,
and the length of the treatment.

Tomotherapy uses a linear accelerator with the same basic components of
traditional linear accelerators; however, the linear accelerator is mounted on a
slip-ring gantry that constantly rotates about a target as a treatment is delivered.
As the gantry rotates, the couch moves through the gantry bore at a constant
velocity, such that radiation is delivered to a target in a helical motion.

A unique aspect of helical tomotherapy is that radiation is delivered not through a
cone beam, but through a fan beam. The thickness of the radiation field is
reduced, however the width is maintained. A volumetric area can be exposed to
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the radiation field by placing fields from the fan beam directly next to each other,
essentially delivering radiation in a slice by slice manner. The dose delivered by
the radiation field can be increased by overlapping multiple radiation fields.

To provide for volumetric delivery of treatment dose, the tomotherapy couch
moves into the gantry bore at a defined velocity as the gantry rotates about the
patient. The pitch value represents the distance that the couch moves into the
gantry bore for each rotation of the gantry. For example, a pitch value of 1 will
result in the couch moving into the bore at one beam width per rotation, while a
pitch value of 1/3 will result in the couch moving into the bore at one beam width
per every three rotations. Adjusting the pitch allows for higher dose gradients,
which deliver higher doses of radiation to the target region while reducing the
dose delivered to external areas. It has been shown that this helical method of
delivering radiation fields provides less field placement error than moving the
couch in integer segments following each gantry rotation or using adjacent fields.

A helical tomotherapy radiation treatment is delivered from multiple gantry angles
evenly spaced in the gantry itself. The gantry is divided into 51 angle ranges
consisting of approximately 7 degrees each, through which each treatment is
delivered. There is no space between each gantry angle, making a virtually
continuous treatment field possible.
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Intensity modulation is provided for in traditional linear accelerators by MLC
leaves that are placed within the radiation field to directly adjust the volumetric
shape of the cone beam. During a tomotherapy treatment, MLC leaves are either
in, out or rapidly moving between in and out of the radiation field. This temporal
modulation adjusts the volumetric shape of the treatment as the patient moves
through the gantry bore and the treatment head rotates around the patient.
During each tomotherapy treatment, the multi-leaf collimator is controlled by a
MLC leaf control sinogram. Sinograms are arrays that are commonly used in CT
imaging prior to image construction.

The information in a sinogram often

consists of signal values from a horizontal array of individual scintillators through
multiple rotations of a CT gantry. MLC leaf control sinograms have 64 columns,
each representing a single MLC leaf, and 51 rows for every gantry rotation in the
treatment. Each element in these sinograms contains a value between 1 and 0
representing the ratio of time during each gantry angle that the MLC leaf is open
to the amount of time that it is closed. The opening time of the MLC leaf is
centered within the gantry angle, such that it enters and exits the gantry angle
closed.

Opposite the treatment head on the slip-ring gantry of the tomotherapy linear
accelerator, is a detector array that provides for continuous monitoring of the
treatment beam, and computed tomography imaging of the patient using
megavoltage x-ray energies. During an MVCT scan, the gantry rotates about the
target with all MLC leaves open, and a 2.5 MV accelerating potential produces a
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radiation field that passes through the target. The detector array supplies a 640
channel reading from each of its individual detectors 800 times per gantry
rotation. The measurements are recorded into a sinogram that has 640 columns
and 800 rows per gantry rotation. The resulting sinograms are read by a
reconstruction algorithm that reconstructs a MVCT image at the operator’s
console.

6) Image Guided Radiation Therapy

Image-guided radiation therapy (IGRT) has enjoyed a substantial increase in
usage over the past several years. Most linear accelerator manufacturers now
have commercially available IGRT products that allow daily three-dimensional
(3D) CT imaging of the target (or a surrogate) in the treatment room [3-8]. In
addition to tumor localization, the CT images acquired during IGRT can also be
used to evaluate patient response to treatment [9-11].

Tomotherapy allows for MVCT scans to be taken of a target that is in position on
the treatment couch. Currently, MVCT scans are used to assist with correctly
placing a patient prior to treatment. An MVCT scan can also be used to identify
the target tissue and ensure that it is within the volume that is being treated,
allowing the treatment to be adapted in case of target motion or shape change.
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The adaptation of a radiation treatment on a daily basis with the assistance of an
imaging modality is called Daily Adaptive Radiation Therapy (DART).

A tomotherapy patient is placed into position using skin markers, positioning
lasers, etc. on the treatment couch. Following the initial placement of the patient,
a MVCT scan is taken of the region of the patient undergoing treatment. The
resulting MVCT images are then registered with planning CT images, and the
patient is re-adjusted accordingly. This is a fundamental aspect of IGRT and
DART using a tomotherapy machine. An uncertainty arises from the MVCT scan
because of the scan’s data acquisition speed. The maximum speed of the
tomotherapy gantry is one rotation per 10 seconds, during which an entire
respiration cycle is likely to occur. Respiratory motion during the scan can cause
motion artifacts in the resultant image. At present, DART using tomotherapy is
beneficial for proper radiation treatment; however it does have its limits.

Published studies have shown that lung tumors can substantially regress in size,
shape, density, and center of movement during the course of radiation therapy
[10-11]. The resulting physiological and biological changes can potentially affect
changes in the intra-fraction respiration motion of the target during the course of
treatment. As an example, changes in airflow into the lung as the tumor
regresses can change the time-dependent position of the tumor as the patient
breathes, and possibly affect the respiratory management assumptions used
during treatment planning [12]. As such, there is a need for four-dimensional (4D)
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volumetric imaging in the treatment room to reduce the uncertainties associated
with changes in the shape and motion of the target, as well as a need to make
small treatment adjustments to accommodate for these changes.
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II: Four-Dimensional Megavoltage Computed
Tomography Using Temporal Re-Binning
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This chapter is a lightly revised version of a paper entitled “Four Dimensional
Megavoltage Computed Tomography Using Temporal Re-Binning” submitted to
the journal Medical Physics in 2006 for publication by Samuel S. Outten and
Chester R. Ramsey, PhD. The manuscript has been accepted for publication and
at the time of this paper, is in revision.

A version of this work was presented at the 48th annual American Association of
Physicists in Medicine meeting.

My personal contributions to this work involved the writing of the program,
running

the

program,

choosing

the

appropriate

program

parameters,

reconstructing and analyzing the images, and writing the manuscript. The original
concept of the project and collection of the two scans can be accredited to Dr.
Chester R. Ramsey, PhD. Chester Ramsey also ensured that all the necessary
materials were provided.
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1) Purpose

The purpose of this work is to develop a technique for the reconstruction of 4D
Megavoltage (4D-MVCT) images from a slow CT image acquisition on a helical
tomotherapy system by temporal re-binning of individual sinogram projections (as
opposed to temporal re-binning of reconstructed slices used in current 4D-CT).
4D-MVCT can potentially correct for the motion-induced imaging artifacts that
occur in current pre-treatment imaging due to the long image acquisition times.

Four-dimensional CT programs have been developed that utilize the existing CT
technology in a cine mode, where multiple CT scans are taken at a single axial
location in conjunction with a device measuring respiratory motion. Respirationcorrelated CT imaging techniques have been studied extensively for diagnostic
multi-slice CT scanners [13-19]. These cine scans are performed at multiple
locations along the axial direction, and then each scan is sorted according to the
measured respiratory motion. The scans obtained during a certain range of the
measured respiratory motion (bin) are sorted together as a complete 3D image
set. Typically, at least 5 image sets are obtained, representing the breathing
cycle at maximum expiration, mid-expiration, mid-cycle, mid-inspiration and
maximum inspiration. These image sets are subsequently organized to produce
a single 4D image set of one period of the breathing cycle.
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Another approach for producing 4D-CT images is to temporally re-bin the original
detector data. This technique has been utilized for over 20 years in diagnostic CT
imaging [20-24]. Temporal re-binning involves the acquisition of CT data
continuously during multiple rotations of the x-ray source combined with the
selection of projection data acquired during a specified phase of a physiological
cycle. The projections of a specific phase are then assembled such that a
complete set of data containing a projection from each angle can be used to
create an image of the specified phase of the cycle. The projections are chosen
based on the measured times that the physiological cycle is within the desired
phase. This technique can produce CT images with minimal motion artifacts and
tissue location according to the specified phase. More recently, Fitzpatrick has
reported preliminary results on applying temporal re-binning to lung imaging on a
multi-slice CT scanner [25].

Post-image reconstruction techniques of developing a four dimensional data set,
such as the cine method, are not applicable for IGRT imaging studies because
IGRT systems acquire image sets at slower speeds than diagnostic CT
scanners. Diagnostic CT scanners that use the cine method of acquiring four
dimensional data sets have gantry rotation periods less than one second, within
which respiratory motion is relatively slight. Cone-Beam CT (CBCT) systems
require 60 seconds to acquire data for a full rotation reconstruction, and 30
seconds for a half rotation reconstruction [6-7]. Helical tomotherapy systems
acquire megavoltage CT (MVCT) images at a rate of one transverse slice per five
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seconds [8]. The length of the scan acquisition for IGRT systems may contain
several respiration periods, combining the entire breathing range of motion in one
scan. Figure 1 (figures for this chapter appear in appendix 1) illustrates the
motion artifacts that are produced in a helical tomotherapy system by the
presence of motion. In this example, a CT resolution plug is moved vertically by
1.8-cm in a cycle with a period of 7 seconds. Breath-hold techniques have been
unsuccessful for tomotherapy [26]; moreover lung cancer patients often have
difficulty breathing, and may not be able to adequately follow this technique.

2) Methods and Materials

To simulate patient respiration, a battery-powered motion phantom (RPM Motion
Phantom, Varian Medical Systems, Palo Alto, CA) was used in conjunction with a
CT resolution plug, providing a system with measurable motion and image
resolution characteristics. The motion phantom consists of two platforms, an
elliptical disk and a rotating spindle. The major axis of the elliptical disk has a
length of 8.5-cm, and is mounted upon a rotating spindle that is off-set from the
major axis. The platforms are placed tangent to the disk, one directly above and
one to the side of the rotating disk. As the disk rotates, the platforms are
displaced outward from the disk, with the upward platform moving vertically. The
placement of the spindle produces a periodic, non-sinusoidal range of motion
through which the upper platform travels, simulating respiration. The upper
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platform has a range of motion that is 1.8-cm vertically, throughout a 7-second
period of rotation. The rotation period is dependent upon the battery voltage and
may be adjusted for future work with the addition of a variable-voltage power
supply. The CT resolution plug is made of water-equivalent material and has
seven rows of holes. Each row has five holes of known diameter: 2.00, 1.75, 1.5,
1.25, 1.00, 0.75, and 0.5-mm (Figure 1). The CT resolution plug was secured to
the upper platform on the motion phantom in such a way that the phantom would
provide vertical motion.

A real-time respiratory gating system (RPM Respiratory Gating, Varian Medical
Systems, Palo Alto, CA) was used to measure the time-dependent motion of the
motion phantom’s upper platform. The gating system uses a charge-coupled
device (CCD) based video camera and an infrared illuminator ring to monitor the
vertical motion of a passive marker block [25]. Two reflectors are tracked by the
system, allowing real-time digital imaging processing and analysis of the timedependent vertical motion of the markers, and providing an absolute vertical
calibration.

Imaging data was collected using a helical tomotherapy system (Tomotherapy,
Inc., Madison, WI) with the CT resolution plug placed in the CT field-of-view.
Imaging data was acquired using a 5-mm wide megavoltage fan-beam and an
opposed single-slice detector array mounted on a rotating slip-ring. The nominal
accelerating potential of the x-ray beam was 2.5 MV, and the detector array
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consisted of 738 xenon gas filled chambers. The x-ray source and detector array
rotated at the maximum gantry rotation period of 10 seconds. CT sinogram data
was acquired axially with a stationary treatment couch. Multiple gantry rotations
were taken at a single couch position in an attempt to capture sufficient angles of
the MVCT beam in the different phases of respiration. The imaging scan was set
to perform 20 rotations over a scan time of 200 seconds, resulting in 54 cGy of
absorbed dose. The raw detector sinogram data was then exported from the
Data Acquisition System (DAS) to the custom 4D-CT re-binning software.

Tomotherapy sinogram data consists of a data array with 640 columns,
representing the data channels collected from the detector array with 800 rows
per gantry rotation. The original sinogram contained 16,000 rows, with each row
representing the projection data gathered by the detector array at a specific
gantry angle.

Each projection was collected over equally spaced projection

angles and a constant gantry velocity. Two scans were initially performed; the
first with the motion phantom off, and the second with the motion phantom on. In
addition, the original sinogram, with the motion phantom on, was truncated to
simulate scan times of 150, 100, 75, 50 and 25 seconds with corresponding
decreases in delivered dose.

A re-binning algorithm was developed that coordinates an array detailing the
position of the motion phantom in a respiration cycle measured with the
respiratory gating system and the detector sinogram to determine the vertical
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position of the resolution plug during each sinogram projection. A user-defined
position range (or bin) is used to choose projections from the sinogram, as
shown in Figure 2. These chosen projections are extracted, sorted and placed in
the first 800 non-zero projections of the original sinogram. Should the bin not
contain specific gantry angle projections, these missing projections are replaced
with gantry angle projections from the original detector sinogram. Duplicate
gantry angle projections are neglected as to reduce the necessary dose to
acquire an image. Axial CT images were reconstructed for each bin using the
data available from the original and truncated sinograms. For example, by
defining a bin corresponding to the maximum expiration phase of respiration, a
CT image would be reconstructed of the maximum expiration phase using the
projections that were scanned during the maximum expiration phase while
leaving out projections taken in different phases.

A second version of the re-binning software was also created that replaced
missing projections with projections found in bins within a 1-mm range adjacent
to the bin originally chosen. Following this “neighbor binning,” any additional
missing projections were subsequently replaced with projections from the first
800 non-zero projections of the original sinogram.

Following re-binning, the vendor’s filtered back-projection reconstruction
algorithm [7] was used to obtain an image from the re-binned sinogram. The
algorithm can reconstruct CT images with image matrix sizes of 256, 512, 1012
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and 2048 square pixels and a superior-inferior slice thickness of 2.5, 4.0 or 6.0mm. Each image was uniformly windowed and leveled, and reconstructed to a
512x512 pixel image. This algorithm is similar to the algorithm used at the clinical
operator station for 3D image acquisition and reconstruction.

In this study, the respiratory motion of the test phantom had to be manually
correlated to the sinogram data because an automatic synchronization of the
measured position of the resolution plug in the MVCT sinogram data was
unavailable. To match the motion cycle and the sinogram data, a phase constant
was added to the periodic motion within the re-binning program. The value of the
phase constant was manually adjusted until the optimal image resolution was
obtained at the peak of the respiratory motion cycle (Figure 3). To further
increase the optimization of the phase constant, the position of the plug in the
peak bin was verified to be at the peak of the vertical motion of the plug, as
shown in Figure 4. In future clinical applications, the respiratory motion will be
synchronized with the detector data using the digital couch readout on the
tomotherapy gantry. For imaging data acquired helically, each sinogram
projection will also be coordinated to a unique couch position, which can be
recorded through a video image of the gantry display from the RPM gating
system. The respiration motion can then be synchronized with couch position
and subsequently the sinogram detector data because the couch position is also
encoded with the raw sinogram detector data.
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The spatial resolutions of the reconstructed images were measured for bins of
varying sizes, and compared to the static and dynamic reconstructed images of
the original sinogram so as to determine the efficacy of the re-binning program.
Each of the chosen bins was temporally re-binned from the 16,000 projection
dynamic sinogram and the truncated sinograms to simulate progressively lower
doses. The respiration cycle was divided into three regions, so chosen as to
diversify the percent of missing projections in reconstructions. The three regions
chosen consist of the peak (corresponding to maximum inspiration), the
rise/descent (mid-inspiration and mid-exhalation) and the trough (maximum
expiration).

In the trough, images were reconstructed for bin sizes of 2.2% (0.04-cm), 2.8%
(0.05-cm), 4.4% (0.08-cm), 10% (0.18-cm) and 15.6% (0.28-cm) of the
respiration cycle. In the rise/descent region, images were reconstructed for a bin
of 11.0% (0.2-cm) of the respiration cycle. In the peak region, images were
reconstructed with bin sizes of 3.8% (0.07-cm), 9.4% (0.17-cm), 14.9% (0.27cm), 20.4% (0.37-cm), 26% (0.47-mm) and 31.5% (0.57-mm) of the respiration
cycle.
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3) Results

200 seconds of detector data was collected for each slice through the CT
resolution plug. The detector sinogram was collected over 20 rotations compared
to the typical single rotation collected for a MVCT slice, resulting in 54 cGy of
absorbed dose. Using the data collection time of a single projection, a temporal
acquisition time was designated for each projection and coordinated with the
respiration cycle. By obtaining detector data for multiple rotations, the necessary
scan time for usable images for specific bins could also be examined.

The reconstruction of the original static phantom sinogram data yielded an image
with a resolution of approximately 1-mm. The reconstruction of the original
dynamic phantom sinogram yielded an image with resolution significantly worse
than the 1-mm resolution of the static phantom and greater than the 2-mm
resolution limit of the resolution plug. The image also had significant shape
distortion from motion artifacts.

Figures 5 through 7 show 4D-MVCT reconstructions for the resolution plug for
five phases of the respiration cycle, derived from 6 sinograms of different lengths.
In addition, reconstructions are shown with neighbor binning correction
performed on the 16, 4 and 2 thousand projection sinograms (Figures 8-10).
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The resolution of the reconstructed images is greatly improved from the original
dynamic image (Figure 1). In the original dynamic image, none of the resolution
holes are visible, and the shape of the resolution plug itself is distorted. In
contrast, many of the re-binned images featured measurable spatial resolutions
approaching 1-mm in the best circumstance. As the length of the original
sinogram was truncated from 16 to 2 thousand projections, the resolution and
image quality of the reconstructed images decreased until most of the images
provided only marginal improvements over the original dynamic image.

The trough region contained the longest portion of the respiratory motion with the
least amount of movement, yielding the most projections. The rise/descent region
contained the least number of projections and the largest range of movement,
thus yielding the poorest resolution and the largest motion artifacts. The peak
region was not as broad as the trough, yielding fewer projections than the trough,
but enough projections were present to examine the effect of missing projections
and a projection replacement strategy.

Trough images that included the bins of 2.8%, 4.4%, 10.0% and 15.6% of the
respiration cycle contained no missing data. Each of these images showed a
resolution of approximately 1.25-mm, which is comparable to that of the original
static phantom sinogram image. The remaining 2.2% bin in the trough region had
14.6% of the projections missing (117 projections) and a resolution of
approximately 1.25-mm. The image from the rise/descent region with a bin of
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11.0% of the respiration cycle had 42.6% of the projections missing (341
projections). This images has large motion artifacts and a resolution that was
slightly improved over the dynamic phantom image, however the improvement
was not large enough to be measured using the resolution plug. The shape of the
resolution plug was more discernible than that observed in the dynamic phantom
image, but was not correctly represented. The two bins of the peak region
displayed image resolutions of less than 1.5-mm, and slight motion artifacts. The
imaging artifacts were largely a result of missing projections. The bin of 3.8% of
the motion range had 29% of the projections missing (233 projections) and the
bin of 9.4% of the motion range was missing 1.9% of the projections (15
projections). Next, the effect of bin size on the resolution was evaluated. Four
images in the peak and trough of the respiration cycle were selected that had no
missing projections (Figure 11). The bins from the trough were found to have
similar resolutions (~1.25-mm), but with increasing bin size the distortion began
to increase. The bins from the peak suffered a similar effect; however the
resolutions ranged from 1.5-mm (smallest bin) to 1.75-mm (largest bin).

The neighboring bin method did not completely provide substitutive data for all
missing projections, and in that case the projections were substituted using the
first replacement method following application of the neighboring bin method.
This second method was attempted in each bin of the three regions that featured
missing projections from the original sinogram. As the original sinogram was
truncated, the neighbor binning method provided improved resolution and image
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quality in most cases; however the resolution improvement was not always
measurable (Figures 8-10).

4) Discussion

Two main factors limited the resolution of the sorted sinogram: bin size and the
number of missing projections. Images with large bin sizes exhibited reduced
resolution and image quality because the motion phantom had a larger range of
movement, and projections were included from the entire range of bin motion.
Small bin sizes experienced reduced resolution and image quality when every
gantry angle did not have a projection. Missing projections produced very large
image artifacts, which cannot be present in useful images. As such, missing
projections must be substituted or interpolated. It should be noted here that the
image artifacts from a large bin size as shown in figure 11 were slight. This small
effect is believed to be a result of the image mainly consisting of projections in a
smaller bin than the actual bin selected. As such, large bins may give inaccurate
image information, being strongly weighted in one region of the bin.

The respiration cycle and the original dynamic sinogram were coordinated by
reconstructing the 9.4% range bin at the peak of the respiration cycle for different
phase constants until an optimum resolution was achieved in coordination with
the plug residing in the highest vertical position of the cycle in the image (Figures
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3 and 4). The phase constant was measured in milliseconds, and it is assumed
that an error of 5 or 10 milliseconds in the phase constant will not contribute an
appreciable error to the images.

A comparison was made of the images obtained at the peak of the respiratory
cycle with two different sized bins 0.07-cm or 4.7% of the respiration cycle and
0.17-cm or 6.1% of the respiration cycle. The number of missing projections was
233 (29% of a single axial slice) and 15 (1.9%), respectively. Smaller bin sizes
will yield larger amounts of missing data, and consequently provided poorer
resolution images than larger bins with fewer missing projections under both
missing data replacement schemes.

By truncating the original sinogram data, lower dose scans were simulated,
however the reduced number of projections reduced the image resolution and
quality by increasing the number of missing projections in each bin. From the
data presented, it would appear that a scan of 4 thousand projections with
neighbor corrections yields a patient dose of 13.5 cGy per 4D-MVCT.

This

provides a good compromise between image quality and dose delivered to the
patient for the respiration cycle used; because it was the shortest scan in which
substantial image improvement was observed in the bins that experienced
measurable improvement. This dose is much larger than the 1 to 4 cGy typically
delivered during CT-based IGRT imaging. As such, 4D-MVCT imaging will be
performed clinically on a less frequent weekly basis. It may prove feasible to
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decrease the dose by providing a model respiration cycle for patients to follow
that maximizes the data acquired and/or using half rotation reconstructions (400
projections).

In comparing the original sinogram substitution and neighboring bin replacement
strategies, it was observed that the replacement of missing data with data from a
neighboring bin of 1-mm width (5.6% of the respiration cycle) provided the better
overall results, however the effect was small (figures 8-10 and table 2).
Overlapping the sorted projections over the original sinogram provided good
resolution when the missing data amounts were small, but image resolution was
reduced as the number of missing projections increased.

One limitation of this study was that the respiration pattern was very simple, and
only a single dimension of movement (vertically) was considered. It is likely that
modeling of a more complex tumor movement may be possible; however, this will
require a slightly more complex consideration of the respiratory motion, where
mid-inspiration and mid-expiration phases are sorted separately.

Although most respiratory motion occurs in the superior/inferior (S/I) direction, S/I
motion was not considered in this study. By reconstructing multiple slices along
the axial direction, it should be possible to reconstruct S/I motion, however the
resolution of this method was not examined. It may also be possible to observe
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S/I motion by a reconstructing a helical scan, but such a method was considered
beyond the scope of this work.

An additional source of error also came from the movement of the resolution
plug, which in addition to moving vertically, experienced a small lateral vibration,
a small clockwise and counter-clockwise rotation and tilted slightly out of the
vertical plane at the peak phase of motion as a result of how the motion phantom
was constructed. These effects were unmeasured, but may have reduced the
quality of images and may have been responsible for a small change of shape
and hole position in the respiratory cycle images as compared to that of the
stationary image. The motion of the resolution plug out of the axial plane was
responsible for the shading at the top of the resolution plug featured in the
maximum inspiration images, but absent from the maximum expiration images. In
future work, these errors of motion could be minimized through measurement
and modeling of the motion and considering its effects in bin range selection and
how bins are organized in the respiration cycle.

5) Conclusions

The sorted images of the resolution plug in motion show a marked improvement
over the unsorted images of the plug in motion. Measured resolutions range from
inferior to similar to the resolution of the stationary plug depending upon the
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chosen bin and the amount of data the sinogram has in the bin. Larger bins
suffer from a loss of resolution, leading one to reduce the bin size. As bin size is
decreased, the amount of projections per individual gantry angle also decreases,
leading to gantry angles that lack projections in the desired bin. Clinically, it is
unfeasible to simply lengthen the time of the scan to obtain all the desired data
because of the dose received by the patient. It should also be noted that the
resolution of the image is not linearly dependent upon the range of motion, but
dependent upon the range of motion over which the majority of the projections
are taken, allowing an image’s resolution to be less than the bin size, but still
dependent upon it.

Resolution improvements were seen with the projection-sorting algorithm. In the
presence of missing projections, both projection replacement strategies helped to
reduce the presence of image artifacts. Further methods of data replacement and
possibly sinogram interpolation may improve the resolution of bins with missing
data and reduce the amount of data necessary to obtain images, shortening the
scan time and minimizing the absorbed dose.

In this study, scans were made with a couch velocity of zero, yielding scans of a
single axial image. For a true 4D reconstruction, the couch position may be
altered and the process may be repeated, providing the superior-inferior
dimension. A helical 4D MVCT scan has yet to be demonstrated, however it may
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be possible with a slow couch velocity and restricting the temporal re-binning
program to reconstructing slices with projections over a specific axial distance.

By the nature of a respiratory cycle, there will naturally be bins in which more
projections will be taken than others. To accommodate for this, it should be
possible to model an ideal respiration cycle for a patient to follow such that the
number of projections in each phase can be maximized while the absorbed dose
from the scan is minimized to a clinically acceptable level. This should provide
the necessary information for a clinician to determine the four dimensional motion
of a target and to adjust the treatment accordingly.
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III: Spatial Translation of Helical Tomotherapy Dose
Distributions Using Sinogram Deformation
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This chapter is a lightly revised version of a paper entitled “Spatial Translation of
Helical Tomotherapy Dose Distributions Using Sinogram Deformation” submitted
to the journal Medical Physics in 2006 for publication by Samuel S. Outten and
Chester R. Ramsey, PhD. At the time of this thesis, the manuscript is awaiting
acceptance.

A version of this work was presented at the 48th annual American Association of
Physicists in Medicine meeting.

My personal contributions to this work involved the writing and running the
sinogram deformation program, running the tomotherapy machine and taking the
measurements from the translated treatments, analyzing the translated treatment
data and writing the majority of the manuscript. Dr. Chester Ramsey performed
the retrospective analysis of inter-fraction motion (part A) and wrote the section
of the manuscript relevant to it. He also constructed the original figures for interfraction motion.
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1) Purpose

The purpose of this work was to develop and test a technique for modifying the
helical tomotherapy MLC sinograms to compensate for inter-fraction motion. The
first objective of this study was to respectively review patient setup corrections
performed on a helical tomotherapy system between July 2003 and December
2005 to determine the frequency and magnitude of inter-fraction setup
corrections.

The second objective of this study was to develop a sinogram

modification algorithm for correcting anterior-Posterior (AP) and lateral (LAT) setup error by moving the dose distribution instead of moving the patient. The final
objective of this study was to test the sinogram modification algorithm using
radiographic film and ionization chambers placed in a test phantom.

In image-guided radiation therapy (IGRT), inter-fractional uncertainty from
internal organ motion, internal organ deformation, and external setup errors are
minimized with the use of daily imaging [3,5-7,9,10,26,28,29]. IGRT systems
typically use pre-treatment imaging (Ultrasound, CT, or Stereoscopic Imaging) or
real-time tracking (Electromagnetic Localization) to calculate setup corrections
based on a comparison with the treatment planning imaging. Setup corrections
are calculated by IGRT systems in the AP, superior-inferior (SI), and LAT
directions. Some IGRT systems are also capable of calculating pitch, roll, and/or
yaw adjustments. These corrections are typically implemented by moving either
the treatment couch or the treatment delivery system [4, 31].
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Another possible correction strategy is to adjust the treatment plan by offsetting
the multileaf collimator positions. Count et al. developed a technique for online
modification of multileaf collimator (MLC) leaf positions for fixed-gantry based
intensity modulated radiation therapy (IMRT) [32]. This approach divides the
patient into a series of superior-inferior slices that are defined by the projection of
the MLC leaves. Each MLC pair can then be offset by different amounts based
on the projected anatomical variations for each gantry angle. The advantage of
this type of plan modification is the ability to correct for internal organ deformation
without the need to perform inverse planning. Unfortunately, this technique was
developed for fixed-gantry based IMRT and cannot be applied to helical
tomotherapy.

2) Methods and Materials
A. Measurement of Inter-Fraction Motion
Inter-Fraction motion was retrospectively analyzed for patients treated with
helical tomotherapy to determine the expected range of displacements for the
sinogram modification algorithm.

For each patient, kilovoltage treatment

planning CT images were acquired on a CT simulator and transferred to the
tomotherapy database for treatment planning and image-guided patient setup.
Custom aquaplastic masks (Uni-frame, CIVCO, Kalona, Iowa) were used to
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immobilize brain, head, and neck targets. Custom immobilization devices were
not used for prostate or lung patients.

Prior to each treatment fraction, the patients were positioned on the treatment
couch and aligned using in-room lasers and marks on the skin or an
immobilization device. Megavoltage CT (MVCT) images were then acquired on
the tomotherapy system with an axial resolution of 0.78 x 0.78 -mm, and a user
defined SI resolution of 2.5 (fine slices), 4.0 (normal slices), or 6.0-mm (course
slices). Although the MVCT images are not diagnostic quality, objects with 2
percent or greater contrast difference from the background can be distinguished
with less than 2 cGy of dose delivered to the imaged volume [33].

After image reconstruction, the MVCT images were automatically fused with the
treatment planning CT images on the operator station using a full image pixel-bypixel co-registration [34]. A radiation therapist, medical physicist, and/or radiation
oncologist prior to treatment then reviewed the image fusion. If necessitated,
manual adjustments were made that ensured the clinical tumor volume (CTV)
was correctly aligned.

The patient was then automatically repositioned for

treatment delivery by the tomotherapy delivery system based on the calculated
AP, and SI patient shifts. The radiation therapists manually moved the treatment
couch in the right/left LAT direction. Roll corrections were implemented in 2004
by adjusting the start angle of the helical delivery sequence. Pitch and yaw
corrections were not utilized in this study. The calculated AP, SI, LAT, and Roll
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offsets from the external alignment marks were recorded for each patient for
each fraction. Error distribution histograms were created for all prostate, lung,
head & neck, and intra-cranial cases treated between July 2003 and December
2005. In addition, the random distribution of errors was determined for each
patient based on the standard deviation.

B. Modification of Treatment delivery Sinograms
In helical tomotherapy, each gantry rotation is divided into 51 equal angles (or
projections), through which the machine rotates during treatment delivery. These
projections are analogous to MLC segments or control points in fixed-gantry
IMRT. As the gantry rotates through each projection, the MLC leaves begin and
end the projection closed and will remain open for a period of time that is
calculated during the inverse planning process.

These opening and closing

instructions are stored in a MLC sinogram. This MLC controller file is a binary
array with 64 columns (each representing a MLC leaf) and a single row for each
projection. The MLC sinogram contains floating-point values between 0 and 1 for
every MLC leaf, which represents the fraction of time within a particular
projection that the MLC leaf is open. The MLC leaf control sinogram thus
provides the shape, dose and location of the treatment delivered during helical
tomotherapy.

A sinogram modification algorithm was developed that adjusts the MLC leaf
control sinogram so that the MLC leaf open times are shifted in the controller file
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to translate the treatment dose in space. This is analogous to the offsetting of
MLC segments in fixed-gantry IMRT. By adjusting the magnitude of the offsets
according to the gantry angle, the dose distributions can be translated in specific
spatial vectors.

Helical tomotherapy treatment delivery sequences have a

defined starting gantry angle, allowing the beginning and end of each subsequent
MLC projection within the sinogram to be known. Due to the periodic motion of
the gantry, sinusoidal functions may be used to adjust the magnitude of the shift
accordingly. The dose distributions can be displaced in the X (LAT) direction and
the Z (AP) direction using the following relationships:

Z = ∆z · sin(2π/51·i - φ)

(1)

X = ∆x · cos(2π/51·i - φ),

(2)

where ∆ indicates the magnitude of the treatment translation, i is the
corresponding angle number of the projection (1-51), and φ is the radian value of
the treatment starting angle.

As the dose distribution is translated off-axis, corrections must be applied
because helical tomotherapy systems do not utilize an x-ray flattening filter. As
such, the off-axis dose distributions can vary by as much as 50% across the
width of the field in the transverse direction, as shown in Figure 12 (Figures for
this chapter can be found in Appendix II). An off-axis weighting function is used
in the algorithm to compensate for this variation in beam output. The weighting
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function is based on beam data collected with a scanning water tank. The off-axis
factors were mapped to each of the 64 individual MLC leaves. The resulting
weighting function included was as follows:

T’(x’) = T(x)*wt(x)/wt(x’),

(3)

Where T is the original sinogram element of the original MLC leaf in the gantry
angle, wt is the value (as a proportion of the maximum output) obtained from the
measured MLC leaf response, and x was the number of the original MLC leaf (164). T’ and x’ were the post-modification MLC leaf projection value and the
column number, respectively.

The sinogram deformation program was the used to translate the original
treatment in the positive X, Z and diagonal directions by known distances.
Sinograms were produced with integer displacements (in number of MLC leaves)
from one to seven in each direction. For the diagonal direction, displacements
were made by incrementing the displacement in equal amounts in both the X and
the Z direction. Translations greater than seven MLC leaves were not performed
because of the 10-cm range of the couch lateral adjustment mechanism.
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C. Evaluation of Sinogram Modifications
In order to test the deformation algorithm, a treatment plan was created that
consisted of an equilateral triangle centered inside of a circle centered at
isocenter. The triangle measured 5.2 cm on each side, and was irradiated to 2.0
Gy while the circle had a radius of 3.14 cm and was irradiated to 1.5 Gy (Figure
13). This test pattern was selected so that the orientation of the dose distribution
could be determined from the direction of the triangle. The original sinogram was
exported from the tomotherapy database and adjusted using a sinogram
deformation algorithm (Figure 14).

To compare and measure the dose and shapes of the original and translated
treatments, measurements were taken with Kodak EDR-2 radiographic film
placed in a Benchmark IMRT Phantom (MEDTEC, Orange City, Iowa) with an
A1SL slim thimble chamber (Standard Imaging, Middleton, WI) read using a
TomoElectrometer (Standard Imaging, Middleton, WI).

The phantom was positioned with the geometric center of the circle/triangle test
pattern located at the tomotherapy system’s isocenter. The radiographic film was
placed vertically in the center of the phantom to allow for proper scattering, and
the A1SL chamber was placed in the center of the phantom. The phantom was
secured to the treatment table using a positioning bar (Lok-Bar, CIVCO, Kalona,
Iowa) that was inserted into indexing points running longitudinally in the
tomotherapy couch. Multiple MVCT images were acquired of the phantom in the
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base-line position to ensure that phantom was correctly position relative to the
tomotherapy isocenter.

Base-line film and ionization chamber readings were

taken with the original (unmodified) treatment delivery sinogram. The phantom
was then moved laterally and vertically so as to place the translated treatment at
the center of the phantom for each translated treatment.

The lateral position of

the couch was adjusted using the tomotherapy couch’s lateral adjustment
mechanism, which allows 0.5-mm lateral couch indexing. The vertical position of
the phantom was adjusted by step-moving the couch to the desired position
using the tomotherapy systems digital couch interface.

The sinogram

modification algorithm was then used to offset the dose distribution by the known
vertical, horizontal, or diagonal offset. Ideally, all films should yield the same
dose distribution and all ionization chamber readings should yield the same
absolute dose.

The resulting radiographs were scanned using a Vidar x-ray film scanner and the
resultant dose profiles were compared using the RIT113 V.4.2 program
(Radiological Imaging Technologies, Colorado Springs, CO). Each translated
treatment was co-registered with the base-line film using five fiducial marks on
the film created when the phantom was compressed.

A region of interest

measuring 9.2 x 10.6-cm was defined and centered on the treatment volume,
reducing the data outside the treatment volume (Figure 15).
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Two dose profiles were examined within the region of interest (ROI) for each film.
The first profile was a vertical (AP) profile centered within the planned triangle,
and the second profile was a horizontal (LAT) profile centered at the base of the
triangle. The profiles extended outside of the treatment volume, to the
boundaries of the ROI. The profiles measured the percent dose delivered with
respect to the maximum dose within the ROI.

The high dose, low gradient (HDLG) region of each profile was examined by
taking the full-width at half maximum of the dose profile, and symmetrically
removing the outlying 80% of the full-width. By eliminating the surrounding 20%
of the full-width, the high gradient edge effects are removed from the HDLG
region.

The HDLG region of each translated treatment was compared to the HDLG
region of the reference treatment for the following differences: Size of the
flatness regions, flatness region central-axis position, average values within the
flatness region and the standard deviation of the average value.

Two gamma statistics as described by Low et al. [33] were analyzed over the
region of interest, one with a 2% dose difference tolerance and a 2-mm distance
to agreement (DTA) tolerance and one with a 3% dose difference tolerance and
a 3-mm DTA tolerance both with a pass/fail value of 1.
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3. Results
A. Measured Inter-Fraction Motion
Daily MVCT scans were analyzed for 2,322 prostate patients, 1,238 head & neck
patients, 511 intra-cranial patients, and 840 lung patients. The prostate patients
had a measured random error of 4.0-mm (LAT), 2.7-mm (S/I), and 3.5-mm (A/P)
as shown in Figure 16. The head and neck patients had measured random errors
of 2.6-mm (LAT), 3.6-mm (SI) and 2.5-mm (AP) (figure 18). Intra-cranial patients
had a measured random error of 1.7-mm (LAT), 2.5-mm (SI) and 2.0-mm (AP)
(figure 19). Lung patients had a measured random error of 3.8-mm (LAT), 5.0mm (SI) and 5.0-mm (AP) (figure 20). The sinogram modification algorithm was
tested within a 5-cm range of motion, which was the largest range achievable in
the lateral direction with the treatment couch.

B. Evaluation of Sinogram Modifications
Ionization chamber and radiographic film measurements were made for 21 test
translations in the horizontal, vertical, and diagonal directions. All ion chamber
measurements were within 2% of the value measured for the base-line treatment
(Range: -1.6% to 0.7%). No appreciable translation vector direction or magnitude
dependence was seen in the ion chamber measurements.
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The analysis of the dose profiles in the HDLG regions resulted in size differences
of the HDLG regions of the translated treatments to be less than 3-mm (7%),
showing that the size of the treatment volume was similar between the original
treatment and the translated treatments (Table IV).

The difference between the central position of the HDLG region of the original
treatment and the translated treatments was within 3.3-mm, or half of the width of
a single MLC leaf, showing that the translated treatments were translated along
known vectors (Table V).

The difference between the average percent dose values within the HDLG region
was within 3%, showing that the shape of the treatment volume was maintained
for translated treatments (Table VI).

The gamma evaluations for translations in the X-direction yielded a mean 15.89
±13.05% of the pixels within the ROI exceeding the gamma threshold of 1 when
the gamma calculation was computed with a 2% dose difference tolerance and 2mm DTA tolerance and 2.50±4.54% when the gamma value was determined with
a 3% dose difference tolerance and a 3-mm DTA tolerance (Figures 21-106 and
Table VII).

Gamma evaluations for translations in the Z-direction yielded a mean
36.64±3.75% of the pixels in the ROI exceeding the gamma threshold of 1 when
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the gamma calculation was computed with a 2% dose difference tolerance and
2-mm DTA tolerance and 21.58±2.81% when the gamma value was determined
with a 3% dose difference tolerance and a 3-mm DTA tolerance.

Gamma evaluations for translations in the diagonal (X and Z) direction yielded a
mean 44.15±7.88% of pixels within the ROI exceeding the gamma threshold of 1
when the gamma calculation was computed with a 2% dose difference tolerance
and 2-mm DTA tolerance and 24.93±7.45% when the gamma value was
determined with a 3% dose difference tolerance and a 3-mm DTA tolerance.

4) Discussion
The ion chamber measurements showed that throughout each translation, the
dose was maintained with a variation within the acceptable ±2% variation
expected from machine output.

In addition to verifying the translation of the

treatment, the ion chamber measurements verified that the off-axis weighting
function was applied correctly and a constant dose was maintained throughout
treatment translation. In this study, the ion chamber was always placed within
the triangle portion of the test pattern, which would correspond to the lowgradient high-dose target volume of a clinical case. Ion chamber measurements
were not reported for the circle portion of the test pattern because the high dose
gradient would yield inaccurate and varied results.
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The profile analysis of the low gradient, high dose region of each translation
showed that the dose volume shape was maintained throughout each translation,
with only small variations in size and location. The variation in the mean percent
dose difference was relatively small, and showed that throughout the treatment
volume, the dose was maintained from the original treatment to the translated
treatments.

The gamma statistics also strongly indicate that the shape of the treatment
volume was maintained. The majority of pixels with gamma values exceeding
one were outside the treatment volume, in a region where the low level of dose
drastically increases the uncertainty of the dose measured with the radiograph,
or in a region with a high dose gradient where spatial positioning uncertainty
created inflated errors. The gamma statistic suggests that the translation
uncertainty is less than ±3-mm, due to the high agreement of the translated
treatments with the unmodified test case.

The largest distance between the central axis of the original treatment and the
central axis of the unmodified treatment was less than the half of the width of a
single MLC leaf, which would be an expected initial limit for this study.

On a purely practical note, while large deformations such as 10 MLC leaves
(6.54-cm) may be possible using this technique, increasingly large deformations
will require increasing concern with regard to the positions of other organs and
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tissues, increasing the necessity of a second treatment plan. The human body is
an object with limited volume, and 6.5-cm changes are not likely to occur without
significant readjustment of other organs near a target region, requiring replanning.

5. Conclusions

Due to inter-fraction motion, techniques that adjust treatments to new positions
within the patients may benefit IMRT by improving target dose delivery and
reducing the dose delivered to sensitive organs.

The sinogram deformation

program proved to be able to translate a treatment along a pre-determined vector
without significant loss or distortion in dose or shape. Vectors of less than 7 MLC
leaves (4.6-cm) proved to be reliable with an average dose error of less than 2%.
The treatment volume shape is maintained with each translation; however the
translation uncertainty at this time is approximately 3-mm.

This technique could be used to translate the dose distribution instead of moving
the patient following IGRT imaging. It may be possible to modify this technique
to correct for inter-fraction organ deformation. If dose distribution offsets are
measured for each CT slice, this technique could be used to differently adjust the
dose distributions on a slice-by-slice basis.
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This has the potential to enable

frequent treatment modification without the need for additional inverse treatment
planning.
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APPENDIX I: Four Dimensional MVCT Figures
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1.5-mm
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Moving

Figure 1: MVCT images of a Water-Equivalent Resolution plug with holes
ranging from 2.0 to 0.5-mm in diameter. The width of the first row from the top is
2.0-mm, with the width of each subsequent row decreasing by 0.25-mm from the
previous row. The plug was imaged while stationary, and when moving in a
simulated respiration pattern.
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Figure 2: Four Dimensional MVCT images are created by sorting the raw
sinogram data (A) based on a measured respiration cycle (B). In this example,
CT projections that correspond to maximum inspiration are selected and
extracted from the raw sinogram data. These projections are then combined to
create maximum inspiration sinogram.
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Figure 3: A difficulty of temporal re-binning is synchronizing the measure
respiration signal with the detector data. Slight offsets between the phase of the
detector data and the respiration signal will introduce imaging errors.
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Figure 4: Comparison of different phase constants within the maximum
inspiration (16.4-18.1 mm) bin. The correct phase offset is determined by
selecting the CT reconstructions where the upper edge of the plug is located at
the upper limit of motion. The reconstruction with the best resolution is then
assumed to be the correct phase offset.
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Figure 5: MVCT Images for temporally re-binned reconstructions.
Reconstructions are shown for Maximum Expiration for two different bin sizes,
0.4 mm (A) and 1.4 mm (B). Reconstructions based on the delivered dose and
number or rotations in the sinogram are shown in the columns. Original Sinogram
Substitution was used to replace missing data.
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Figure 6: MVCT images for temporally re-binned reconstructions.
Reconstructions are shown for Mid-Cycle for a single bin size, 2.0 mm.
Reconstructions based on the delivered dose and number or rotations in the
sinogram are shown in the columns. Original Sinogram Substitution was used to
replace missing data.
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Figure 7: MVCT images for temporally re-binned reconstructions.
Reconstructions are shown for Maximum Inspiration for two different bin sizes,
0.7 mm (A) and 1.7 mm (B). Reconstructions based on the delivered dose and
number or rotations in the sinogram are shown in the columns. Original Sinogram
Substitution was used to replace missing data.
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Figure 8: MVCT images for temporally re-binned reconstructions.
Reconstructions are shown for Maximum Expiration for two different bin sizes,
0.4 mm (A) and 1.4 mm (B). Reconstructions based on the delivered dose and
number or rotations in the sinogram are shown in the columns. Neighboring Bin
Substitution was used to replace missing data.
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Figure 9: MVCT images for temporally re-binned reconstructions.
Reconstructions are shown for Mid-Cycle for a single bin size, 2.0 mm.
Reconstructions based on the delivered dose and number or rotations in the
sinogram are shown in the columns. Neighboring Bin Substitution was used to
replace missing data.
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Figure 10: MVCT images for temporally re-binned reconstructions.
Reconstructions are shown for Maximum Inspiration for two different bin sizes,
0.7 mm (A) and 1.7 mm (B). Reconstructions based on the delivered dose and
number or rotations in the sinogram are shown in the columns. Neighboring Bin
Substitution was used to replace missing data.
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Figure 11: The reconstructed resolution measurements for Maximum (A)
Expiration and (B) Inspiration. The spatial resolution is dependent on the
temporal bin sizes. The smaller the bin size, the better the spatial resolution.
However, smaller bin sizes require increased dose to the patient in order to
prevent missing projections.
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APPENDIX II: Sinogram Deformation Figures
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Figure 12: The off-axis dose distributions in the transverse direction as
measured with a scanning water tank.
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Figure 13: Test case treatment plan with calculated doses (A) and PTV
geometry (B).

73

A

B

Figure 14: Original treatment test case sinogram (A) and modified treatment test
case sinogram with treatment translation of 3.27-cm (B).
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Figure 15: Region of interest analyzed in co-registered images.
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Figure 16: Measure distribution and magnitude (mm) of Prostate Inter-fraction
motion.
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Figure 17: Measure distribution and magnitude (mm) of Head & Neck Interfraction motion.
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Figure 18: Measure distribution and magnitude (mm) of Intra-Cranial Interfraction motion.
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Figure 19: Measured distribution and magnitude (mm) of Lung Inter-fraction
motion.
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Figure 20: Measured distribution and magnitude (mm) of Abdomen Inter-fraction
motion.
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Figure 21: Gamma Pass/Fail diagram of a horizontal translation of 6.54-mm (1
MLC leaf). Gamma score calculated with 2% dose tolerance and 2-mm DTA
tolerance.
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Figure 22: Gamma Pass/Fail diagram of a horizontal translation of 6.54-mm (1
MLC leaf). Gamma score calculated with 3% dose tolerance and 3-mm DTA
tolerance.
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Figure 23: Gamma Pass/Fail diagram of a horizontal translation of 1.31-cm (2
MLC leaves). Gamma score calculated with 2% dose tolerance and 2-mm DTA
tolerance.
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Figure 24: Gamma Pass/Fail diagram of a horizontal translation of 1.31-cm (2
MLC leaves). Gamma score calculated with 3% dose tolerance and 3-mm DTA
tolerance.
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Figure 25: Gamma Pass/Fail diagram of a horizontal translation of 1.96-cm (3
MLC leaves). Gamma score calculated with 2% dose tolerance and 2-mm DTA
tolerance.
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Figure 26: Gamma Pass/Fail diagram of a horizontal translation of 1.96-cm (3
MLC leaves). Gamma score calculated with 3% dose tolerance and 3-mm DTA
tolerance.
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Figure 27: Gamma Pass/Fail diagram of a horizontal translation of 2.62-cm (4
MLC leaves). Gamma score calculated with 2% dose tolerance and 2-mm DTA
tolerance.
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Figure 28: Gamma Pass/Fail diagram of a horizontal translation of 2.62-cm (4
MLC leaves). Gamma score calculated with 3% dose tolerance and 3-mm DTA
tolerance.
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Figure 29: Gamma Pass/Fail diagram of a horizontal translation of 3.27-cm (5
MLC leaves). Gamma score calculated with 2% dose tolerance and 2-mm DTA
tolerance.
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Figure 30: Gamma Pass/Fail diagram of a horizontal translation of 3.27-cm (5
MLC leaves). Gamma score calculated with 3% dose tolerance and 3-mm DTA
tolerance.

90

Figure 31: Gamma Pass/Fail diagram of a horizontal translation of 3.92-cm (6
MLC leaves). Gamma score calculated with 2% dose tolerance and 2-mm DTA
tolerance.
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Figure 32: Gamma Pass/Fail diagram of a horizontal translation of 3.92-cm (6
MLC leaves). Gamma score calculated with 3% dose tolerance and 3-mm DTA
tolerance.
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Figure 33: Gamma Pass/Fail diagram of a horizontal translation of 4.58-cm (7
MLC leaves). Gamma score calculated with 2% dose tolerance and 2-mm DTA
tolerance.
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Figure 34: Gamma Pass/Fail diagram of a horizontal translation of 4.58-cm (6
MLC leaves). Gamma score calculated with 3% dose tolerance and 3-mm DTA
tolerance.
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Figure 35: Gamma Pass/Fail diagram of a vertical translation of 6.54-mm (1
MLC leaf). Gamma score calculated with 2% dose tolerance and 2-mm DTA
tolerance.
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Figure 36: Gamma Pass/Fail diagram of a vertical translation of 6.54-mm (1
MLC leaf). Gamma score calculated with 3% dose tolerance and 3-mm DTA
tolerance.
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Figure 37: Gamma Pass/Fail diagram of a vertical translation of 1.31-cm (2 MLC
leaves). Gamma score calculated with 2% dose tolerance and 2-mm DTA
tolerance.
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Figure 38: Gamma Pass/Fail diagram of a vertical translation of 1.31-cm (2 MLC
leaves). Gamma score calculated with 3% dose tolerance and 3-mm DTA
tolerance.
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Figure 39: Gamma Pass/Fail diagram of a vertical translation of 1.96-cm (3 MLC
leaves). Gamma score calculated with 2% dose tolerance and 2-mm DTA
tolerance.
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Figure 40: Gamma Pass/Fail diagram of a vertical translation of 1.96-cm (3 MLC
leaves). Gamma score calculated with 3% dose tolerance and 3-mm DTA
tolerance.
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Figure 41: Gamma Pass/Fail diagram of a vertical translation of 2.62-cm (4 MLC
leaves). Gamma score calculated with 2% dose tolerance and 2-mm DTA
tolerance.
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Figure 42: Gamma Pass/Fail diagram of a vertical translation of 2.62-cm (4 MLC
leaves). Gamma score calculated with 3% dose tolerance and 3-mm DTA
tolerance.
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Figure 43: Gamma Pass/Fail diagram of a vertical translation of 3.27-cm (5 MLC
leaves). Gamma score calculated with 2% dose tolerance and 2-mm DTA
tolerance.
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Figure 44: Gamma Pass/Fail diagram of a vertical translation of 3.27-cm (5 MLC
leaves). Gamma score calculated with 3% dose tolerance and 3-mm DTA
tolerance.
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Figure 45: Gamma Pass/Fail diagram of a vertical translation of 3.92-cm (6 MLC
leaves). Gamma score calculated with 2% dose tolerance and 2-mm DTA
tolerance.
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Figure 46: Gamma Pass/Fail diagram of a vertical translation of 3.92-cm (6 MLC
leaves). Gamma score calculated with 3% dose tolerance and 3-mm DTA
tolerance.
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Figure 47: Gamma Pass/Fail diagram of a vertical translation of 4.58-cm (7 MLC
leaves). Gamma score calculated with 2% dose tolerance and 2-mm DTA
tolerance.
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Figure 48: Gamma Pass/Fail diagram of a vertical translation of 4.58-cm (7 MLC
leaves). Gamma score calculated with 3% dose tolerance and 3-mm DTA
tolerance.
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Figure 49: Gamma Pass/Fail diagram of a diagonal translation of 6.54-mm (1
MLC leaf) in the X and Z direction. Gamma score calculated with 2% dose
tolerance and 2-mm DTA tolerance.
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Figure 50: Gamma Pass/Fail diagram of a diagonal translation of 6.54-mm (1
MLC leaf) in the X and Z direction. Gamma score calculated with 3% dose
tolerance and 3-mm DTA tolerance.
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Figure 51: Gamma Pass/Fail diagram of a diagonal translation of 1.31-cm (2
MLC leaves) in the X and Z directions. Gamma score calculated with 2% dose
tolerance and 2-mm DTA tolerance.
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Figure 52: Gamma Pass/Fail diagram of a diagonal translation of 1.31-cm (2
MLC leaves) in the X and Z directions. Gamma score calculated with 3% dose
tolerance and 3-mm DTA tolerance.
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Figure 53: Gamma Pass/Fail diagram of a diagonal translation of 1.96-cm (3
MLC leaves) in the X and Z directions. Gamma score calculated with 2% dose
tolerance and 2-mm DTA tolerance.
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Figure 54: Gamma Pass/Fail diagram of a diagonal translation of 1.96-cm (3
MLC leaves) in the X and Z directions. Gamma score calculated with 3% dose
tolerance and 3-mm DTA tolerance.
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Figure 55: Gamma Pass/Fail diagram of a diagonal translation of 2.62-cm (4
MLC leaves) in the X and Z directions. Gamma score calculated with 2% dose
tolerance and 2-mm DTA tolerance.
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Figure 56: Gamma Pass/Fail diagram of a diagonal translation of 2.62-cm (4
MLC leaves) in the X and Z directions. Gamma score calculated with 3% dose
tolerance and 3-mm DTA tolerance.
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Figure 57: Gamma Pass/Fail diagram of a diagonal translation of 3.27-cm (5
MLC leaves) in the X and Z directions. Gamma score calculated with 2% dose
tolerance and 2-mm DTA tolerance.
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Figure 58: Gamma Pass/Fail diagram of a diagonal translation of 3.27-cm (5
MLC leaves) in the X and Z directions. Gamma score calculated with 3% dose
tolerance and 3-mm DTA tolerance.
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Figure 59: Gamma Pass/Fail diagram of a diagonal translation of 3.92-cm (6
MLC leaves) in the X and Z directions. Gamma score calculated with 2% dose
tolerance and 2-mm DTA tolerance.
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Figure 60: Gamma Pass/Fail diagram of a diagonal translation of 3.92-cm (6
MLC leaves) in the X and Z directions. Gamma score calculated with 3% dose
tolerance and 3-mm DTA tolerance.
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Figure 61: Gamma Pass/Fail diagram of a diagonal translation of 4.58-cm (7
MLC leaves) in the X and Z directions. Gamma score calculated with 2% dose
tolerance and 2-mm DTA tolerance.
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Figure 62: Gamma Pass/Fail diagram of a diagonal translation of 4.58-cm (7
MLC leaves) in the X and Z directions. Gamma score calculated with 3% dose
tolerance and 3-mm DTA tolerance.
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Figure 63: Gamma Histogram of a horizontal translation of 6.54-mm (1 MLC
leaf). Gamma score calculated with 2% dose tolerance and 2-mm DTA tolerance.
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Figure 64: Gamma histogram of a horizontal translation of 6.54-mm (1 MLC
leaf). Gamma score calculated with 3% dose tolerance and 3-mm DTA tolerance.
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Figure 65: Gamma Histogram of a horizontal translation of 1.31-cm (2 MLC
leaves). Gamma score calculated with 2% dose tolerance and 2-mm DTA
tolerance.
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Figure 66: Gamma histogram of a horizontal translation of 1.31-cm (2 MLC
leaves). Gamma score calculated with 3% dose tolerance and 3-mm DTA
tolerance.
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Figure 67: Gamma Histogram of a horizontal translation of 1.96-cm (3 MLC
leaves). Gamma score calculated with 2% dose tolerance and 2-mm DTA
tolerance.
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Figure 68: Gamma histogram of a horizontal translation of 1.96-cm (3 MLC
leaves). Gamma score calculated with 3% dose tolerance and 3-mm DTA
tolerance.
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Figure 69: Gamma Histogram of a horizontal translation of 2.62-cm (4 MLC
leaves). Gamma score calculated with 2% dose tolerance and 2-mm DTA
tolerance.
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Figure 70: Gamma histogram of a horizontal translation of 2.62-cm (4 MLC
leaves). Gamma score calculated with 3% dose tolerance and 3-mm DTA
tolerance.
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Figure 71: Gamma Histogram of a horizontal translation of 3.27-cm (5 MLC
leaves). Gamma score calculated with 2% dose tolerance and 2-mm DTA
tolerance.
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Figure 72: Gamma histogram of a horizontal translation of 3.27-cm (5 MLC
leaves). Gamma score calculated with 3% dose tolerance and 3-mm DTA
tolerance.
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Figure 73: Gamma Histogram of a horizontal translation of 3.92-cm (6 MLC
leaves). Gamma score calculated with 2% dose tolerance and 2-mm DTA
tolerance.
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Figure 74: Gamma histogram of a horizontal translation of 3.92-cm (6 MLC
leaves). Gamma score calculated with 3% dose tolerance and 3-mm DTA
tolerance.
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Figure 75: Gamma Histogram of a horizontal translation of 4.58-cm (7 MLC
leaves). Gamma score calculated with 2% dose tolerance and 2-mm DTA
tolerance.
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Figure 76: Gamma histogram of a horizontal translation of 4.58-cm (7 MLC
leaves). Gamma score calculated with 3% dose tolerance and 3-mm DTA
tolerance.
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Figure 77: Gamma Histogram of a vertical translation of 6.54-mm (1 MLC leaf).
Gamma score calculated with 2% dose tolerance and 2-mm DTA tolerance.
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Figure 78: Gamma histogram of a vertical translation of 6.54-mm (1 MLC leaf).
Gamma score calculated with 3% dose tolerance and 3-mm DTA tolerance.
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Figure 79: Gamma Histogram of a vertical translation of 1.31-cm (2 MLC
leaves). Gamma score calculated with 2% dose tolerance and 2-mm DTA
tolerance.
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Figure 80: Gamma histogram of a vertical translation of 1.31-cm (2 MLC leaves).
Gamma score calculated with 3% dose tolerance and 3-mm DTA tolerance.
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Figure 81: Gamma Histogram of a vertical translation of 1.96-cm (3 MLC
leaves). Gamma score calculated with 2% dose tolerance and 2-mm DTA
tolerance.
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Figure 82: Gamma histogram of a vertical translation of 1.96-cm (3 MLC leaves).
Gamma score calculated with 3% dose tolerance and 3-mm DTA tolerance.
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Figure 83: Gamma Histogram of a vertical translation of 2.62-cm (4 MLC
leaves). Gamma score calculated with 2% dose tolerance and 2-mm DTA
tolerance.
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Figure 84: Gamma histogram of a vertical translation of 2.62-cm (4 MLC leaves).
Gamma score calculated with 3% dose tolerance and 3-mm DTA tolerance.
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Figure 85: Gamma Histogram of a vertical translation of 3.27-cm (5 MLC
leaves). Gamma score calculated with 2% dose tolerance and 2-mm DTA
tolerance.
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Figure 86: Gamma histogram of a vertical translation of 3.27-cm (5 MLC leaves).
Gamma score calculated with 3% dose tolerance and 3-mm DTA tolerance.
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Figure 87: Gamma Histogram of a vertical translation of 3.92-cm (6 MLC
leaves). Gamma score calculated with 2% dose tolerance and 2-mm DTA
tolerance.
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Figure 88: Gamma histogram of a vertical translation of 3.92-cm (6 MLC leaves).
Gamma score calculated with 3% dose tolerance and 3-mm DTA tolerance.
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Figure 89: Gamma Histogram of a vertical translation of 4.58-cm (7 MLC
leaves). Gamma score calculated with 2% dose tolerance and 2-mm DTA
tolerance.
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Figure 90: Gamma histogram of a vertical translation of 4.58-cm (7 MLC leaves).
Gamma score calculated with 3% dose tolerance and 3-mm DTA tolerance.
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Figure 91: Gamma Histogram of a diagonal translation of 6.54-mm (1 MLC leaf)
in both the X and Z directions. Gamma score calculated with 2% dose tolerance
and 2-mm DTA tolerance.
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Figure 92: Gamma histogram of a diagonal translation of 6.54-mm (1 MLC leaf)
in both the X and Z directions. Gamma score calculated with 3% dose tolerance
and 3-mm DTA tolerance.
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Figure 93: Gamma Histogram of a diagonal translation of 1.31-cm (2 MLC
leaves) in both the X and Z directions. Gamma score calculated with 2% dose
tolerance and 2-mm DTA tolerance.
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Figure 94: Gamma histogram of a diagonal translation of 1.31-cm (2 MLC
leaves) in both the X and Z directions. Gamma score calculated with 3% dose
tolerance and 3-mm DTA tolerance.
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Figure 95: Gamma Histogram of a diagonal translation of 1.96-cm (3 MLC
leaves) in both the X and Z directions. Gamma score calculated with 2% dose
tolerance and 2-mm DTA tolerance.
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Figure 96: Gamma histogram of a diagonal translation of 1.96-cm (3 MLC
leaves) in both the X and Z directions. Gamma score calculated with 3% dose
tolerance and 3-mm DTA tolerance.
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Figure 97: Gamma Histogram of a diagonal translation of 2.62-cm (4 MLC
leaves) in both the X and Z directions. Gamma score calculated with 2% dose
tolerance and 2-mm DTA tolerance.
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Figure 98: Gamma histogram of a diagonal translation of 2.62-cm (4 MLC
leaves) in both the X and Z directions. Gamma score calculated with 3% dose
tolerance and 3-mm DTA tolerance.
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Figure 99: Gamma Histogram of a diagonal translation of 3.27-cm (5 MLC
leaves) in both the X and Z directions. Gamma score calculated with 2% dose
tolerance and 2-mm DTA tolerance.
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Figure 100: Gamma histogram of a diagonal translation of 3.27-cm (5 MLC
leaves) in both the X and Z directions. Gamma score calculated with 3% dose
tolerance and 3-mm DTA tolerance.
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Figure 101: Gamma Histogram of a diagonal translation of 3.92-cm (6 MLC
leaves) in both the X and Z directions. Gamma score calculated with 2% dose
tolerance and 2-mm DTA tolerance.
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Figure 102: Gamma histogram of a diagonal translation of 3.92-cm (6 MLC
leaves) in both the X and Z directions. Gamma score calculated with 3% dose
tolerance and 3-mm DTA tolerance.
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Figure 103: Gamma Histogram of a diagonal translation of 4.58-cm (7 MLC
leaves) in both the X and Z directions. Gamma score calculated with 2% dose
tolerance and 2-mm DTA tolerance.
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Figure 104: Gamma histogram of a diagonal translation of 4.58-cm (7 MLC
leaves) in both the X and Z directions. Gamma score calculated with 3% dose
tolerance and 3-mm DTA tolerance.
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APPENDIX III: Four Dimensional MVCT Tables
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Table 1: Approximate resolution of original images
Original Sinogram
Static Phantom
Dynamic Phantom

Resolution
~ 1-mm
>2-mm

Table 2: Approximate resolution of images by bin and length of sinogram
following temporal re-binning
Bin
0-.4
0-1.4
8.4-10.4
17.4-18.1
16.4-18.1

16000
<1.25-mm
>1-mm
>2-mm
<1.25-mm
<1.25-mm

Number of Projections
16000 w/ neighbor
>1-mm
No missing Projections
>2-mm
<1.25-mm
<1.25-mm

6000
~1.25-mm
>1-mm
>2-mm
~1.5-mm
<1.5-mm

Number of Projections
4000
>1.25-mm
<1.25-mm
>2-mm
~1.5-mm
~1.5-mm

2000
~1.5-mm
<1.5-mm
>2-mm
>2-mm
>2-mm

Number of Projections
2000 w/ neighbor
~1.25-mm
~1.25-mm
>2-mm
>2-mm
>2-mm

Bin
0-.4
0-1.4
8.4-10.4
17.4-18.1
16.4-18.1

Bin
0-.4
0-1.4
8.4-10.4
17.4-18.1
16.4-18.1
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12000
~1.25-mm
>1-mm
>2-mm
~1.5-mm
<1.5-mm

4000 w/ neighbor
~1.25-mm
~1.25-mm
>2-mm
~1.5-mm
~1.5-mm

8000
~1.25-mm
>1-mm
>2-mm
~1.5-mm
<1.5-mm

Table 3: Percentage (and number) of missing Projections by bin and length of
sinogram
Bin

Number of Projections
16000 w/ neighbor
0% (0)

0-.4

16000
14.6% (117)

0-1.4

0% (0)

No missing projections

8.4-10.4

42.6% (341)

28.4% (227)

17.4-18.1

29% (233)
1.9% (15)

1.6% (13)

16.4-18.1

Bin
6000
0-.4
0-1.4
8.4-10.4
17.4-18.1
16.4-18.1

34.6% (277)
0% (0)
66.4% (531)
51.6% (413)
21.9% (175)

0% (0)

Number of Projections
4000

39.6% (317)
2.3% (18)
72.6% (581)
55.4% (443)
25% (205)

Bin

0-1.4
8.4-10.4
17.4-18.1
16.4-18.1

8000

30.9% (247)
0% (0)
60.1% (481)
46.6% (373)
16.9% (135)

4000 w/ neighbor
6.75% (54)

6.1% (49)
54.6% (438)
25.4% (203)
2.75% (22)

Number of Projections
2000 w/ neighbor

2000
0-.4

12000

22.1% (177)
0% (0)
52.4% (411)
37.9% (303)
8.1% (65)

65.5% (524)
42% (336)
86.1% (689)
80.9% (647)
68.1% (545)
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34.6% (277)
32.8% (262)
75.5% (604)
68% (544)
57.9% (463)

APPENDIX IV: Sinogram Deformation Tables
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Table 4: HDLG region width difference between original and translated
treatments for vertical and triangle base profiles
Translation
X1
X2
X3
X4
X5
X6
X7
Z1
Z2
Z3
Z4
Z5
Z6
Z7
XZ 1
XZ 2
XZ 3
XZ 4
XZ 5
XZ 6
XZ 7

Vertical Profile
Difference (mm)
1.75
-0.40
-1.35
0.54
-0.40
0.67
-0.13
-2.29
-0.27
0.00
-0.27
0.13
0.40
-0.27
-0.13
-2.29
-1.08
-1.21
0.94
2.02
0.54

% Difference
-4.02
0.95
3.16
-1.24
0.96
-1.55
0.32
5.38
0.63
0.00
0.63
-0.32
-0.95
0.63
0.32
5.38
2.53
2.85
-2.17
-4.70
-1.24
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Triangle Base Profile
Difference (mm)
% Difference
0.00
0.00
0.94
2.10
0.27
0.61
1.75
3.90
0.54
1.23
0.67
1.48
0.00
0.00
-0.13
-0.30
0.27
0.61
0.67
1.54
0.54
1.22
2.02
4.52
2.02
4.49
1.35
2.98
2.02
4.55
0.54
1.21
-0.67
-1.51
1.75
3.96
2.83
6.38
2.56
5.62
1.88
4.20

Table 5: Distance between central axis of HDLG regions of original and
translated treatments for vertical and base of triangle profiles
Translation
X1
X2
X3
X4
X5
X6
X7
Z1
Z2
Z3
Z4
Z5
Z6
Z7
XZ 1
XZ 2
XZ 3
XZ 4
XZ 5
XZ 6
XZ 7

Vertical Profile (mm)
0.51
0.70
0.56
1.02
0.23
0.98
1.35
2.00
1.67
1.86
1.95
2.56
2.42
3.16
0.88
0.60
1.30
1.54
2.37
2.84
2.33

Base of Triangle Profile (mm)
0.37
0.79
1.30
0.88
1.40
1.63
0.56
0.33
0.00
0.05
0.19
0.33
0.51
0.37
1.07
0.09
1.26
0.42
0.70
1.26
0.74
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Table 6: Difference between mean values of HDLG regions for vertical and triangle base profiles between original and
translated treatments, with corresponding percent difference in ion chamber measurements.

Translation
X1
X2
X3
X4
X5
X6
X7
Z1
Z2
Z3
Z4
Z5
Z6
Z7
XZ 1
XZ 2
XZ 3
XZ 4
XZ 5
XZ 6
XZ 7

Vertical Profile
Mean
-0.21
-0.92
-1.17
0.02
-0.42
-0.37
0.45
0.67
2.57
2.35
1.48
0.51
0.26
-0.08
0.75
1.30
0.73
0.74
-0.72
-0.32
-0.89

Standard Deviation
1.75
1.81
2.87
2.25
2.21
2.09
1.88
2.40
1.93
1.73
1.90
1.73
1.58
2.20
2.37
2.52
2.79
2.34
2.21
2.36
2.20

Triangle Base Profile
Mean
Standard Deviation
-1.29
1.38
-0.95
1.05
-1.79
1.44
1.48
1.35
1.13
1.55
0.69
1.00
-0.86
1.70
1.27
1.75
1.80
1.76
2.36
1.75
1.54
1.75
0.50
1.75
0.40
1.67
0.09
1.75
1.06
1.75
1.29
1.75
0.69
1.74
1.52
1.74
1.14
2.25
0.30
2.17
0.90
2.48
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Ion Chamber
Percent Difference
0
0.00
0.33
0.33
0.66
-0.33
0.66
-0.66
0.00
0.33
0.00
-0.33
0.00
-0.33
-0.66
0.00
0.33
-0.33
-1.64
-1.32
-1.64

Table 7: Percent of pixels exceeding gamma threshold of 1 for 2% dose
tolerance and 2-mm DTA tolerance as well as 3% dose tolerance and 3-mm DTA
tolerance in translated treatment radiographs co-registered with an original
treatment radiograph.
Translation
X1
X2
X3
X4
X5
X6
X7
Y1
Y2
Y3
Y4
Y5
Y6
Y7
XZ 1
XZ 2
XZ 3
XZ 4
XZ 5
XZ 6
XZ 7

Distance (mm)
6.54
13.08
19.62
26.16
32.70
39.24
45.78
6.54
13.08
19.62
26.16
32.70
39.24
45.78
9.25
18.50
27.75
37.00
46.24
55.49
64.74

2%, 2-mm
1.63
8.30
15.71
19.45
22.85
39.45
3.86
35.97
37.68
32.36
34.61
39.71
39.44
43.71
42.46
36.27
36.35
40.63
43.41
55.04
54.87
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3%, 3-mm
0.07
0.85
1.61
0.46
1.64
12.68
0.18
23.30
22.86
17.98
19.25
21.05
20.31
26.33
22.59
22.02
16.62
22.86
19.81
36.68
33.97

APPENDIX V: Glossary of Terms and Acronyms
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AP – Anterior-Posterior: An anatomical direction analogous to front and back.

Bin: A positional range through which a target passes during a respiration or
motion cycle.

Bremstrahlung: “Breaking Radiation,” or the photons produced as electrons are
slowed down by striking a material.

CBCT – Cone Beam Computed Tomography: A computed tomography scan
performed with a cone-shaped radiation field.

CCD – Charge Coupled Device: A device that uses light sensitive capacitors to
detect an image.

CT - Computed Tomography: A method of obtaining an image of an object by
the attenuation of a rotating X-ray source.

CTV – Clinical Target Volume: The tumor detailed by a radiation oncologist
plus a margin for microscopic extension of the tumor.

DART – Daily Adaptive Radiation Therapy: Radiation therapy that uses daily
patient imaging to correct for intra-fraction motion.
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DAS – Data Acquisition System: The system on a Tomotherapy machine that
collects data from the detector array.

DNA – DeoxyriboNucleic Acid: The genetic material within cells that is
damaged through direct and indirect ionization.

DTA – Distance to Agreement: The measured distance between two pixels,
usually two with similar values.

EBR – External Beam Radiotherapy: Radiation treatment delivered by an
external radiation field

Fraction: A radiation therapy treatment session.

Gamma: Value calculated between two pixels comparing the DTA and percent
dose difference to pre-selected tolerance levels. For gamma analysis, the
gamma value is minimized between a reference pixel and the target pixels
included in a 1-cm circle surrounding the reference pixel. A gamma value greater
than one is considered to be a failing value.

Gy – Gray: The SI unit for energy absorbed from ionizing radiation, equivalent to
one joule per kilogram.
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HDLG – High Dose Low Gradient: Area in a treatment that is fairly flat because
of a low radiation gradient, but still has a high delivered dose to the target.

IGRT – Image Guided Radiation Therapy: Radiation therapy that is guided by
an image of the patient in position on the treatment couch.

IMRT – Intensity Modulated Radiation Therapy: A radiation therapy treatment
characterized by the attenuation and shaping of the radiation field through the
use of small blocks or multi-leaf collimators.

Isocenter: The center of beam rotation on a Tomotherapy System.

LAT – Lateral: An anatomical direction analogous to left to right.

MV – Mega Voltage: An energy level in the range of 1,000,000 Volts.

MLC – Multi-Leaf Collimator: A collimator made up of many metal plates (or
leaves) commonly found on clinical linear accelerators.

Pitch: A parameter that determines what ratio of the beam width that the couch
moves into the gantry per gantry rotation on a Tomotherapy system.
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ROI – Region of Interest: The region on an imaging study containing the
imaging data to be analyzed.

SI – Superior-Inferior: An anatomical direction analogous to head to toe.

Sinogram: An array of data values usually coordinated to the rotational position
of a detector array.

Tomotherapy: Literally, “Slice Therapy,” tomotherapy is a radiation therapy
treatment delivered in a helical fashion by a fan beam.

Translation: Movement in real space along a pre-determined vector without
rotation or alteration of the moved subject
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